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Research

Dentate gyrus is necessary for disambiguating similar
object-place representations

Inah Lee1,3 and Frances Solivan2

1Department of Brain and Cognitive Sciences, Seoul National University, Seoul 151-742, Korea; 2Department of Psychology, University

of Iowa, Iowa City, Iowa 52242, USA

Objects are often remembered with their locations, which is an important aspect of event memory. Despite the well-known

involvement of the hippocampus in event memory, detailed intrahippocampal mechanisms are poorly understood. In par-

ticular, no experimental evidence has been provided in support of the role of the dentate gyrus (DG) in disambiguating such

events, even though computational models suggest otherwise. In the current study, rats encountered multiple objects in

different locations and were required to discriminate the object-place paired associates for reward. Specifically, two differ-

ent objects appeared in one of two locations (arms in a radial maze) that were relatively close to each other. Different objects

were rewarded depending on the arm in which the objects appeared. The rats with colchicine-based, dorsal DG (dDG)

lesions showed severe and sustained impairment in disambiguating the objects compared with controls (Experiment 1).

The dDG-lesioned rats were normal, however, in discriminating four different objects presented (Experiment 2) in the

same locations as in Experiment 1. Finally, when the two different objects used in Experiment 1 were presented at two

remote locations (Experiment 3) involving less overlap between arm-associated contextual cues, the dDG-lesioned

animals showed initial deficits in discriminating the objects, but gradually relearned the task, in contrast to the sustained

deficits observed in Experiment 1. These results collectively suggest that the DG is necessary when the similarity is

maximal between object-place paired associates due to overlapping object and/or spatial information, whereas its role

becomes minimal as the overlap in either object or spatial information decreases.

The hippocampus and its associated regions are important in
remembering spatial contexts and their associated events as dis-
crete memories (O’Keefe and Nadel 1978; Kim and Fanselow
1992). One of the computational problems involved in this proc-
ess is to disambiguate altered neural representations from the orig-
inal memory representations formed at the time of encoding the
events (Marr 1971; McNaughton and Morris 1987; O’Reilly and
McClelland 1994). It is not uncommon that one needs to retrieve
a specific memory representation of a particular person seen at a
specific place, separately from many paired-associate representa-
tions previously formed between that person and other locations.
It is largely unknown how the hippocampal networks form
specific memory representations for multiple events that share
common components and disambiguate those representations
from each other when retrieving a specific target memory
representation.

Among hippocampal subfields, computational models have
highlighted the essential role of the dentate gyrus (DG) for disam-
biguating similar events. This so-called pattern separation refers to
the computational process for making representations for similar
input patterns more orthogonal to each other for better discrimi-
nation (Marr 1971; McNaughton and Morris 1987; O’Reilly and
McClelland 1994). O’Reilly and McClelland (1994) have empha-
sized that feeding information through the multilayer structures
from the entorhinal cortex to CA3 via DG facilitates pattern sepa-
ration. Treves and Rolls (1992) have also argued that the key to
forming a new pattern of firing in an autoassociative network
such as CA3 for each event is in the connections between granule
cells in DG and pyramidal cells in CA3 via the mossy fibers.

Experimental efforts have been made to test these computa-
tional hypotheses regarding the DG function (Gilbert et al. 2001;
Gilbert and Kesner 2003; Lee and Kesner 2004a,b; Leutgeb et al.
2007; McHugh et al. 2007). However, the involvement of DG in
dissociating similar event memories composed of object-place
paired associates has never been shown in the literature. Since
associating objects and their locations has been considered an
important task for studying the role of the hippocampus in episo-
dic memory (Gaffan and Parker 1996; Vargha-Khadem et al. 1997;
Bachevalier and Nemanic 2008), we tested whether the previously
reported role of DG in orthogonalizing spatial representations
also plays a vital role in discriminating similar object-place paired
associates (Fig. 1).

Results

Colchicine-based, dorsal DG lesions
As previously described (Mundy and Tilson 1990; Xavier et al.
1999; Lee and Kesner 2004a,b; Jerman et al. 2005), colchicine
injected into the dorsal DG (dDG; bregma 22.0 through
24.0 mm) produced severe and fairly selective damage in dDG
and hilar regions but spared most pyramidal neurons histologi-
cally identified in CA1 and CA3 in the DG-lesion group (Fig. 2).
No damage in the hippocampus was observed in the control
group. The relative volumetric damage in dDG in the DG-lesion
group was estimated to be �95% of the control group. There
was �25% of damage in the principal cell layers of CA regions
in the dorsal hippocampus in the DG-lesion group compared
with controls. In both lesion groups, minor damages in the over-
lying cortices were observed because of the penetrations made for
injection needles. These results, overall, match previous findings
with intrahippocampal injections of colchicine (Xavier et al.
1999; Lee and Kesner 2004a,b).
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Severe impairment of object discrimination with dDG

lesions in the biconditional task
In Experiment 1, the rats were tested after surgery in the same
biconditional object-place paired-associate task previously used
for the pre-surgical training. Detailed descriptions of the task can
be found in the Materials and Methods. Briefly, in this task, a
pair of two different objects (Spider-Man and LEGO block, Fig. 1)
was presented in two of the arms of a maze and a certain object
of the pair was rewarded only in a particular arm (Spider-Man in
arm 3 and LEGO block in arm 5, Fig. 1). Thus, the animals were
required to process both object and space conditions at the same
time (i.e., biconditional task) to make a correct response.

The control group maintained the pre-surgical performance
level after surgery and further increased their performance to
almost 95% (Fig. 3A). The DG-lesion group, however, performed
nearly at chance level throughout the entire testing period after
surgery. An ANOVA with repeated measures showed significant
effects of the lesion group (F(1,10) ¼ 445.4, P , 0.0001), postsurgi-
cal training day (F(5,50)¼ 8.5, P , 0.0001), and the interaction
between the two variables (F(5,50)¼ 3.0, P , 0.05). To eliminate
the possibility that dDG lesions might have affected the capability
of perceiving and discriminating objects at sensory-motor levels,
we further tested four rats in each lesion group in a simple object-
discrimination task. In this task, only a fixed, new arm (arm 4)
was used and a pair of different new objects was presented in
each trial (with food wells occupied by the two objects counter-
balanced across trials). The number of days required to reach

criterion performance (75%) were not
significantly different between the two
lesion groups (data not shown; t(6) ¼

1.4, P . 0.1), confirming that the ani-
mals with colchicine-based dDG lesions
were able to discriminate three-
dimensional objects when the object dis-
crimination did not require conditional
judgments on the basis of the spatial
locations associated with the objects.

Intact object discrimination with

dDG lesions without spatial

contingency
The probe experiment above showed that
discriminating two objects in a fixed spa-
tial location (i.e., arm 4) was unaffected
by dDG lesions. However, there is a possi-
bility that the intact performance was
due to the reduction in the number of
conditions that needed to be processed
in the simple object-discrimination task
compared with the biconditional task
(which involved two objects × two pla-
ces). To test this possibility, in
Experiment 2 we created the same exper-
imental conditions as in Experiment 1 so
that rats visited two different arms (arms
3 and 5) and performed object discrimi-
nations in both arms. The only difference
was that the objects used in arm 3 were
never presented in arm 5 and vice versa
for the objects associated with arm 5
(Fig. 1). Since all four objects were differ-
ent from each other, the rats were not
required to use spatial information to dis-
criminate objects in a given arm.

As shown in Figure 3B, the control group demonstrated
almost perfect performance throughout the testing period in
this task after surgery. The dDG-lesion group showed 85% correct
performance on the first day of postsurgical testing, which was
still above our pre-surgical criterion, but was lower than the con-
trol group’s performance (since the controls were almost error-
less). From day 2 onward, however, the dDG-lesion group
quickly recovered the normal performance level of controls and
remained at that level throughout the rest of the testing period.
Due to the difference in performance between the two groups
on the first day of testing and because of the perfect performance
in controls, a repeated-measures ANOVA showed a barely signifi-
cant difference between the two groups (F(1,6) ¼ 6.1, P ¼ 0.049)
as well as significant effects of postsurgical day (F(5,30) ¼ 4.9, P ,

0.01) and the interaction between the lesion group and postsurgi-
cal day (F(5,30) ¼ 5.6, P , 0.001). When the ANOVA was re-run
with the first day’s data excluded, no significance differences
were found in the group (F(1,6) ¼ 0.1, P . 0.5), postsurgical day
(F(4,24)¼ 1.5, P . 0.1), and the interaction between the two
(F(4,24) ¼ 0.6, P . 0.7).

Recovery of impairment with dDG lesions when spatial

overlap was reduced
We interpret the results of Experiment 1 as the evidence for the
involvement of DG in disambiguating object-place paired associ-
ates. Specifically, in addition to the same pair of objects used in
the task, the representations of object-place paired-associative

Figure 1. Behavioral paradigm. Experiment 1: overview of the radial arm maze. Arms 3 and 5 (shown
in gray for illustrative purposes only) were used, and the same pair of different objects was presented in
either arm per trial. Object locations in each arm were counterbalanced as shown. Spider-Man was
always rewarded (indicated by “ . ”) in arm 3 and the LEGO block was rewarded in arm 5.
Experiment 2: same as Experiment 1, except that the objects presented in arms 3 and 5 were different.
Experiment 3: same as Experiment 1, except for the arms in which the two objects were presented;
arms 2 and 6 were used.
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events involve significant overlap between spatial contexts
associated with different arms in our task. To confirm the contri-
butions of spatial contextual overlap to performance deficits
observed in dDG-lesioned animals, in Experiment 3 we main-
tained all of the experimental conditions, the same with
Experiment 1, except that the arms were farther apart from each
other (102.88 between arms 2 and 6). The angular distance
between the arms in Experiment 3 was twice as big as the distance
between the arms used in Experiment 1 (51.48 between arms 3
and 5) to reduce the amount of overlap in spatial contexts associ-
ated with spatial locations. As in Experiment 1, the control rats
were normal in performing the task after surgery (Fig. 3C). The
DG-lesion group’s performance was initially impaired as in
Experiment 1, showing the chance level performance. However,
in contrast to the sustained impairment in Experiment 1, the
dDG-lesioned animals gradually relearned the task during the
postsurgical training period afterward. The DG-lesion group
reached �75% correct level in 6 d, which was our pre-surgical cri-
terion. An ANOVA with repeated measures showed highly signifi-
cant effects of the lesion group (F(1,10) ¼ 122.9, P , 0.0001) and
postsurgical day (F(5,50) ¼ 9.3, P , 0.0001). No interaction
between the two factors was observed (F(5,50) ¼ 2.1, P ¼ 0.08) since
performances of both groups gradually improved over time.

Comparing Figure 3, A and C with respect to the performan-
ces of the control groups and DG-lesion groups from both
Experiments 1 and 3, there was no significant interaction between
the experiment and postsurgical day between the two control
groups (F(5,50) ¼ 1.1, P . 0.1). However, the DG-lesion groups in
Experiments 1 and 3 showed different learning curves after sur-
gery (significant interaction between lesion group and postsurgi-
cal day, F(5,50) ¼ 3.9, P , 0.01); specifically, the dDG-lesioned
rats improved performance only when the arms used in the

object-place paired-associate task were
far apart (Experiment 3), but not when
the arms were positioned close to each
other (Experiment 1). Post-hoc compari-
sons between the two DG-lesion groups
from Experiments 1 and 3 revealed sig-
nificant differences between the two
groups in the later phase of the postsurgi-
cal testing period, i.e., day 4 (t(10) ¼ 22.4,
P , 0.05) and day 6 (t(10) ¼ 24.2, P ,

0.01). The simple object-discrimination
task used as a probe test at the end of
Experiment 1 was also carried out in
Experiment 3 for all animals after the
main task, and all rats learned the task
to criterion in 2 d (data not shown).
These results suggest that, in contrast to
Experiment 1, rats without dDG can
learn to dissociate similar object-place
paired associates if the same pair of
objects appears in physically well-
separated locations in the environment.

Discussion

The involvement of the DG subfield of
the hippocampus in disambiguating sim-
ilar object-place paired associates has
never been tested. We have demon-
strated in the current study that the DG
is important for processing object-place
paired associates, but that its role in this
cognitive domain is selective and condi-

tional. Specifically, the DG was necessary in discriminating mul-
tiple, similar object-place paired associates when locations
associated with the objects were relatively close to each other as
in Experiment 1. If the ambiguity disappeared either because
objects appearing in those locations were distinctively different
from each other (Experiment 2) or because spatial locations
were farther apart (Experiment 3), the DG-lesioned rats performed
normally (Experiment 2) or relearned the task (Experiment 3).

One of the important dimensions of episodic memory is to
process objects in association with their locations (Smith and
Milner 1989; Abrahams et al. 1997; Vargha-Khadem et al. 1997;
Nunn et al. 1998). This component of episodic memory has
been studied also in animal models (Gaffan 1994; Gilbert and
Kesner 2002; Rolls et al. 2005; Bachevalier and Nemanic 2008;
Lee and Solivan 2008). A common focus of prior studies has
been to test whether distinct objects and places can be associated
as part of an event. However, less attention has been paid to inves-
tigating the mechanisms for encoding and retrieving representa-
tions composed of similar, yet different object-place paired
associates. It is conceivable that numerous representations for
different events or episodes can be generated within a limited
spatial environment by rearranging the positions of objects in
the environment. The intrahippocampal mechanisms contribu-
ting to such cognitive processes are poorly understood.
Although the role of DG in pattern separation has been mostly
studied in spatial domain experimentally (Gilbert et al. 2001;
Leutgeb et al. 2007), it does not need to be limited to spatial
domain theoretically (O’Reilly and McClelland 1994) and may
be applied to hippocampal event representation (e.g., object-place
association) in general.

In light of the role of DG in spatial pattern separation sug-
gested by computational models, the results of the current study

Figure 2. DG lesions. Representative photomicrographs of Nissl-stained brain sections from the
control group and the DG-lesion group, sampled from three different levels along the septo-temporal
dimension (AP indicates the anterior-posterior position of bregma).
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may be explained as shown in Figure 4. As both object and arm/
spatial information are fed to the hippocampus from extrahippo-
campal cortices, DG augments differences in those input patterns,
especially when there is a significant overlap (e.g., overlapping
contextual cues associated with arms 3 and 5 in Experiment 1),
but less so when the inputs are relatively well-separated as in
Experiment 3. It is unclear whether the DG also performs this pat-
tern separation function for purely nonspatial input patterns such
as objects and odors. On the basis of the results from Experiments
1 and 2 in our study, we speculate that the DG might be involved
in pattern separation only when those nonspatial items appear at
multiple locations and when they need to be associated with
different spatial locations to form discrete object-place paired-
associative representations. However, this type of purely spatial
and contextual explanation (Fig. 4) assumes that object informa-
tion is unaltered as a result of the DG lesions, which may not be
true, as the dDG-lesioned rats were still relatively impaired com-
pared with controls in Experiment 3 in our study. Therefore, fur-
ther testing with only nonspatial items is necessary to confirm
that the DG exists mainly for spatial pattern separation.

For spatial pattern separation, Gilbert et al. (2001) showed
that rats with lesions in DG were normal in discriminating two

locations that were separated 82.5 and 105 cm apart from each
other, whereas they were impaired in discriminating two loca-
tions when the distance between them was in the range of from
15 to 60 cm. It is a possibility that not being able to discriminate
arm 3 from arm 5 (spatially) contributed to the performance def-
icits in our task in dDG-lesioned rats (Fig. 4). However, the follow-
ing observations and results from our study may warrant some
cautions for the purely spatial interpretations. First, the two
choice platforms of arms 3 and 5 in our task were separated by
80 cm and those for arms 2 and 6 were 140 cm apart. Although
it is difficult to compare directly the distances measured in an
open field vs. radial-arm maze, the choice platforms associated
with arms 3 and 5 used in the task were reasonably separated.
Second, although dDG-lesioned rats learned the task when the
two arms (arms 2 and 6) were well separated (compared with
Experiment 1 using arms 3 and 5), the animals never improved
their performance to the level of controls. Considering the results
of the Gilbert et al. (2001) study, this pattern of deficits suggests
that lesions in dDG affected cognitive processes beyond mere spa-
tial pattern separation between arms. It appears that the rats with
lesions in dDG still had difficulty in associating the same objects
with different locations and disambiguating those object-place
paired associates later, even when there was minimal spatial over-
lap between the two arms with which objects were associated. To
reach a stronger conclusion, however, it may be necessary to test
the animals in a purely spatial paradigm in the same maze.

To our knowledge, the only study that has tested the role of
DG in an object-place paired-associative condition is the Gilbert
and Kesner (2003) study. In that study, rats were required to visit
two different locations and one of two different objects was pre-
sented in each location per trial. An object was only rewarded in
a particular location but not in the other location. CA3 lesions
produced impairment in performance in the Gilbert and Kesner
study (2003), which suggests that the results from the current
study might have also been mediated by the CA3 not receiving
normal inputs from the DG. In the Gilbert and Kesner study, how-
ever, it is surprising that the DG-lesioned rats were normal in
learning the task as compared with control rats, and only
CA3-lesioned rats were impaired. Moreover, CA3-lesioned ani-
mals did relearn the task to criterion in that study. These results
suggest that the computational load for DG and CA3 for event dis-
ambiguation might have been minimal in the Gilbert and Kesner
study because the rat always encountered only a single object in a
given location per trial. Specifically, the rat never saw that the two
objects appeared simultaneously, because the testing paradigm
was a go/no-go task. In addition, the two spatial locations were
fairly far apart (�808–908 when calculated based on the dimen-
sions of the maze provided in the Gilbert and Kesner study) as
in our Experiment 3. The rats in that study, therefore, might
have formed representations for the four discrete object-place
representations (associated with go/no-go responses) and could
have minimal interference among those representations. By com-
parison, both objects in our study were simultaneously presented
in different locations (51.48 apart from each other) in Experiment
1, and the task produced severe performance deficits in
DG-lesioned animals. In our Experiment 3, when the same pair
of objects was presented in well-separated locations as in the
Gilbert and Kesner study (2003), the DG-lesioned rats showed ini-
tial performance deficit but significantly improved their perform-
ance across days to normal level (compared with Experiment 1).
This strongly suggests that the DG–CA3 network mediates the dis-
ambiguation of the same pair of objects simultaneously encoun-
tered at different locations. Experiment 2 clearly suggests that
the ambiguity stemming from the same objects being associated
with different spatial contexts plays an important role in recruit-
ing DG (and possibly CA3), because the DG-lesioned rats were

Figure 3. Postsurgical performance. (A) Performance of control (O) and
DG-lesioned rats (†) across 6 d of postsurgical testing in Experiment 1. (B)
Postsurgical performance in Experiment 2. (C) Postsurgical performance
in Experiment 3.
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unimpaired in performing the task when there was no overlap in
object identities between arms 3 and 5.

The following alternative interpretations of the data can be
also considered for future studies. First, it has been shown that
object-place paired associations are disrupted by dorsal CA3
lesions (Gilbert and Kesner 2003; Kesner et al. 2008). Since DG
has a direct feed-forward connection with CA3, it is possible
that DG modulates the paired associative function of CA3 via a
pattern separation mechanism. Second, DG may have modulated
the function of CA1 for a temporal order memory for spatial loca-
tion, since it has been shown that spatial pattern separation can
influence or modulate temporal order memory (Hunsaker et al.
2008). These possibilities may not require DG as the main sub-
strate for the operation of object-place associations and eliminate
that one proves that object-place associations are mediated by DG.

The firing correlates of granule cells in DG have been mostly
studied in spatial or contextual behavioral paradigms (Jung and
McNaughton 1993; Leutgeb et al. 2007). However, only very few
studies, if any, examined the firing correlates of granule cells
in DG in mnemonic tasks that involved nonspatial items in

conjunction with spatial locations. Our
study provides compelling evidence that
the DG is involved in forming and retriev-
ing paired associates between objects and
their locations in a selective manner.
Future physiological studies and compu-
tational modeling of DG functions (in
connection with other hippocampal
subfields as well as extrahippocampal
regions) using the current paradigm
should contribute to elucidating the neu-
ral mechanisms underlying the forma-
tion and retrieval of event memory.
Furthermore, it would be interesting in
the future to test whether DG is involved
in the acquisition of the similar object-
place paired associates (as in the retrieval
in the current task) by producing lesions
first and then training the animals in
the task.

Materials and Methods

Subjects
Thirty-two male Long–Evans rats
(320–420 g) were used in the study
(Experiment 1: n ¼ 12, Experiment 2: n
¼ 8, Experiment 3: n ¼ 12), each housed
in a standard rodent cage. Each rat was
only used for one of the experiments.
The rats were maintained on a 12-h
light/dark cycle. Each rat’s weight was
maintained at 80% of its free-feeding
weight. Water was provided ad libitum.
All experimental and surgical protocols
conformed to the NIH Guide for the
Care and Use of Laboratory Animals and
the Institutional Animal Care and Use
Committee of the University of Iowa.

Behavioral apparatus
Detailed descriptions of the maze can be
found in our previous work (Lee and
Solivan 2008) and will only be described
briefly here. A 7-arm radial maze (angular

distance between adjacent arms ¼ 25.78) was used (Fig. 1). Seven
identical arms (arms 1–7 clockwise in Fig. 1) radiated from a circu-
lar center stage in which a rectangular start box was located. At the
end of each arm, a rectangular choice platform was available and
three food wells were available in each choice platform. Each food
well could contain a piece of cereal reward and objects were placed
over the left and right food wells during behavioral testing (the
middle food well was never used throughout the experiments).
The maze was placed in a circular curtained area and multiple
hanging cues were available along the curtains as distal visual
cues. Throughout the main experiments, only two arms of the
maze (arms 3 and 5 in Experiments 1 and 2, and arms 2 and 6 in
Experiment 3) were used.

Behavioral tasks
Detailed pretraining procedures for handling, familiarization,
and shaping for rats can be found in our previous publication
(Lee and Solivan 2008). After the rats learned how to displace
an object overlying the food well through the pretraining stage,
training for one of the following behavioral tasks ensued (Fig. 1).

Figure 4. Hypothesized functions of DG in disambiguating object-place paired associates. The blue
area in a rectangle indicates unique contextual information associated with arm 3 and the red area
denotes arm 5-unique contextual information. Light gradients of blue and red areas indicate spatial
contextual cues that are associated with arms 3 and 5, respectively, in an overlapping fashion. Solid
blue or red rectangles represent orthogonalized representations of particular arms with no ambiguity.
In Experiment 1, for example, intact DG enabled the hippocampus (CA3) to represent arms 3 and 5
into distinct spatial representations (rectangles with solid colors), whereas DG lesions prevented this
and resulted in ill-separated representations for arms 3 and 5 (denoted by gradient colors).
Associating the same objects with these similar spatial representations led to inseparable object-place
paired associative representations and caused performance deficits in DG-lesioned animals. The ill-
separated spatial representations, however, did not produce performance deficits in Experiment 2,
since objects were distinctively different from each other. In Experiment 3, since spatial representations
of arms 2 and 6 had less overlap in contextual cues (indicated by more areas with solid colors with less
gradients), the absence of DG initially produced deficits, but the remaining hippocampal circuits might
have learned to use the relatively well-segregated spatial representations.
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Experiment 1

Either arm 3 or arm 5 was opened to the rat in a given trial (32 tri-
als/day). Two toy objects (Spider-Man and LEGO block) were pre-
arranged (food well locations associated with the two objects were
counterbalanced between trials in a given arm) in the choice plat-
form of the open arm. There were three food wells in each event
platform and the two objects were positioned over the left and
right food wells (left and right positions were counterbalanced
between trials). One of the food wells occupied by the toy objects
contained a cereal reward. The rats were required to learn a correct
object rewarded in each arm to obtain reward: In arm 3, only
Spider-Man was rewarded; and the LEGO block, but not
Spider-Man, was rewarded in arm 5. Once a correct object was dis-
placed, the rats were allowed to grab the cereal reward in the food
well and went back to the start box to consume the reward. In con-
trast, when a wrong object was displaced instead, the animals were
not allowed to displace the other correct object and returned to
the start box with no reward. The rats were trained until they
reached ≥75% correct performance for two consecutive days.

Experiment 2

The same procedures were used as in Experiment 1, except that
four different objects were presented (two of them associated
with arm 3, with the other two associated with arm 5).
Specifically, a toy cartoon figure (Mr. Potato Head) and a robot
toy object were used (Mr. Potato Head was always rewarded) in
arm 3 and Barney and a toy doll were used in arm 5 (Barney was
always rewarded).

Experiment 3

All procedures were identical with Experiment 1, except that arms
2 and 6 were used instead of arms 3 and 5.

Surgery
Once the rat was trained to criterion, the animal was randomly
assigned to either control lesion group or neurotoxic DG-lesion
group and was subject to the surgical procedures previously
described elsewhere in detail (Lee and Kesner 2004a,b; Lee and
Solivan 2008). Briefly, after an incision was made in the scalp,
five small burr holes were drilled in each hemisphere in the
skull and either phosphate-buffered saline (PBS) or colchicine
(7 mg/mL; Sigma-Aldrich) was injected into the dorsal hippocam-
pus (0.07 mL at 10 mL/h per hole) using the following coordinates:
(1) bregma 22.3 mm, midline+1.0 mm, skull surface 24.4 mm,
(2) bregma 23.0 mm, midline+1.4 mm, skull surface 24.4 mm,
(3) bregma 24.0 mm, midline+2.0 mm, skull surface 24.2 mm,
(4) bregma 24.8 mm, midline+3.1 mm, skull surface 24.3 mm,
and (5) bregma 25.7 mm, midline+3.8 mm, skull surface
24.4 mm. Injections were made in the dorsal hippocampus.

Postsurgical testing and a simple object-discrimination task
After a week of recovery, the rats were retested for 6 d, consecu-
tively, in the same task used for training before surgery. In
Experiments 1 and 3, after the rats were tested for 6 d, they were
trained in a simple object-discrimination task, in which two toy
objects (oil can and a toy doll) were presented in arm 4 only (32
trials) and the toy doll was always rewarded. The rats were trained
until they reached ≥75% correct performance for two consecutive
days.

Histology
Histological verifications of lesions and estimation of volumetric
damage were performed as previously described in detail else-
where (Gilbert et al. 2001; Lee and Kesner 2004a,b; Lee and
Solivan 2008). Briefly, rats received a lethal dose of sodium pen-
tobarbital (Euthasol, Henry Shein), followed by a transcardial
infusion of 0.9% saline and a 10% formaldehyde solution. Each
brain was stored in a 10% formalin–30% sucrose solution at 48C

for 72 h. The brains were frozen, cut in coronal sections (40 mm)
on a sliding microtome (Microm, Thermo Fisher Scientific), and
later stained with thionin (Sigma).

The amount of damage in the hippocampus was three-
dimensionally visualized and quantified for each rat, using com-
puter software as previously reported (Lee and Kesner 2003,
2004a,b; Lee and Solivan 2008). For this procedure, the brain sec-
tions were digitally captured via Photoshop (Adobe systems, Inc.)
and the boundaries of the major cell layers in the hippocampus
(i.e., pyramidal cell layers in CA regions and granule cell layers
in the dentate gyrus) were drawn using a pen tablet as an input
device (Wacom). This was performed in tandem with the exami-
nation of the original slides under the microscope at high mag-
nification (≥X40) for accurate delineations of the intact cell
boundaries. The two-dimensional images of the cell layers
delineated were detached as separate image layers from the origi-
nal, digital section images in Photoshop and converted to
black-and-white bitmap images. The serial sections of bitmap
images were then three-dimensionally reconstructed (Voxwin).
Comparing the number of voxels used for reconstructing the
major cell layers in the dorsal hippocampus in the DG-lesion
and control groups provided a volumetric estimation of the dam-
age produced in the dorsal DG by colchicine.
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